Introduction
Calcium is one of the most versatile intracellular messengers playing crucial roles in many signal transduction processes [1] . Horizontal cells (HCs) are second-order neurons of the vertebrate retina, which are responsible for the lateral interaction of signal transmission between photoreceptor and bipolar cells [2] pumps, etc. Furthermore, HCs in teleost retina possess ryanodinesensitive calcium stores on endoplasmic reticulum (ER) membrane, which contribute to [Ca 2 + ] i changes through calcium-induced calcium release (CICR) [3, 4] .
Ionotropic glutamate receptors have been classified as Nmethyl-D-aspartic acid (NMDA) and non-NMDA subtypes, with the latter being further divided into a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) and kainate receptors [5] . In the vertebrate retina, fast excitatory synaptic activation in the HCs is generally believed to be mediated by AMPA-type glutamate receptors [6] . In contrast, it was recently reported that functional NMDA receptors are expressed in cone-driven HCs (H1 cells) of carp retina [7] . In this study, changes in cytoplasmic [Ca 2 + ] i induced by exogenous application of NMDA were investigated in freshly dissociated H1-type HCs of carp retina using a fura-2-based Ca 2 + imaging technique. A computational model of H1 cell was also constructed to quantitatively explore how the Ca 2 + regulation mechanisms interact with each other to give rise to the time course of [Ca 2 + ] i changes observed in the experiment.
Materials and methods

Physiological experiments
Cell dissociation HCs were dissociated from retinas of adult carp (Carassius auratus, 15-20 cm body length). The cell preparation procedure was carried out by following the description in a previous report [3] . The retina was incubated for 30 min at 251C in Hank's solution (in mM: 120.0 NaCl, 3.0 KCl, 0.5 CaCl 2 , 1.0 MgSO 4 , 1.0 Na-pyruvate, 1.0 NaH 2 PO 4 , 0.5 NaHCO 3 , 20.0 N-2-hydroxyl piperazine-N 0 -2-ethane sulfonic acid (HEPES) and 16.0 glucose), which contained 25 U/ ml papain (E. Merck, Germany) and 1 mg/ml L-cysteine (Bo'ao, China). To obtain dissociated HCs, retina pieces were gently triturated with fire-polished glass pipettes in normal Ringer's solution (in mM: 120.0 NaCl, 5.0 KCl, 2.0 CaCl 2 , 1.0 MgCl 2 , 10.0 HEPES and 16.0 glucose). The cell suspension was moved to the recording chamber for calcium imaging recording.
Calcium imaging
Fura-2 AM (Dojindo, Japan) was added to prepared cell suspension to reach a final concentration of 5 mM. Cells in the suspension were incubated at 251C for 15 min to allow for adherence to the base of the recording chamber and fura-2 loading, and then continuously perfused with Mg 2 + -free Ringer's solution before recording. H1 cells were identified by their characteristic morphology as having round soma with extended, stubbly dendrites [8] . A high-speed scanning polychromatic light source was used for alternate excitations at wavelengths of 340 and 380 nm. The relevant fluorescence image pairs (F340 and F380) were acquired every 2 s by a digital CCD camera (C4742-95-12NRB; Hamamatsu, Japan), and [Ca 2 + ] i was indexed by the ratio value of F340/F380.
Computational model
Computational simulations were carried out using NEU-RON software (Yale University, USA) [9] . A single cylindrical cable neuron was constructed. The diameter and length of the model neuron were chosen to be 20 and 22.5 mm, respectively, such that the internal volume and surface area of the cylindrical neuron matched those of a hemispherical neuron with 15 mm radius, which is the typical geometry of H1 cells in our experiment. Detailed equations describing biophysical processes are given in the appendix. A schematic illustration of our model is presented in Fig. 1 .
Results
N-methyl-D-aspartic acid-receptor-initiated [Ca 2 + ] i changes in H1 cells
The time course of [Ca 2 + ] i changes recorded from an H1 cell is plotted in Fig. 2 . The application of 100 mM NMDA in the presence of 50 mM glycine, which is a coagonist of NMDA receptors [7] , induced a swift increase in [Ca Fig. 3a (dotted line) . store, ER is involved in various types of cellular signaling events [1] . CICR through ER provides a way for the amplification of microscopic-initiated Ca 2 + signals, and is important in shaping the cytosolic Ca 2 + signal [1] . Apart from the NMDA-triggered CICR from ER described in this work, role of ER in AMPA-triggered transient increase of [Ca 2 + ] i in retinal HCs has also been reported [3] . In contrast, NMDA receptors were generally believed to be absent in retinal HCs until a recent study [7] . NMDA receptors are much more permeable to Ca 2 + and are known to be involved in a variety of physiological and pathological events because of its high Ca 2 + permeability [11] . Furthermore, activation of NMDA receptors requires the presence of glycine, which is released by glycinergic centrifugal interplexiform cells in the inner retina [12] . This suggests that NMDA receptors in HCs may contribute to the communication between inner and outer nuclear layers in the retina. The interaction between NMDA receptors activation and CICR in ER provides a rich context for further investigation of the function of HCs in retinal information processing. 
Conclusion
where g Ca is the maximal conductance of voltage-gated Ca 2 + channel; m Ca and h Ca represent the activation and inactivation variables, respectively; K Ca is the half-inactivation parameter; a and b are forward and backward rate coefficient, respectively [4] . Ca 2 + flux mediated by Ca 2 + pumps can be described as:
where A pump is the maximal pumping rate and K pump is the dissociation constant [4] . Current carried by Na + /Ca 2 + exchangers can be described as:
where K ex is a scaling coefficient; F, R and T are the Faraday constant, the gas constant and the absolute temperature, respectively [4] . Gating properties of ryanodine receptor (RyR) on intracellular calcium stores can be described as follows: 
Voltage-gated Na + conductance and three types of K + conductance (delay time rectifying K + current, outward rectifying K + current, anomalous rectifying K + current) are described following a previously reported model [15, 16] .
Parameter values for the above equations used in our simulations are listed in Table 1 . These values are inferred from the original work describing specific equations. The biophysical properties of H1 cells for simulation of membrane potential changes are also included.
